Many risk scores have been proposed to predict presence of advanced colorectal neoplasms, but a comprehensive comparison conducted in the same population is sparse. The aim of this study was to evaluate and directly compare the diagnostic performance of published risk prediction models for advanced colorectal neoplasms.
INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the second leading cause of cancer death worldwide. More than 1.8 million people were newly diagnosed with CRC, and approximately 881,000 deaths were due to CRC in 2018 (1) . The natural history of CRC usually involves slow progression from precancerous polyps to cancer, which offers opportunities for screening and early detection (2) . Colonoscopy is the reference standard for detecting advanced adenomas and CRC and is recommended for CRC screening by various expert committees (3, 4) . Although it is highly effective (5) , application of this invasive screening procedure may be limited by lower adherence rates (6) and higher complication rates (7) compared with other noninvasive screening methods such as fecal immunochemical tests (FITs).
Risk scores based on easy-to-collect factors such as age, sex, and family history (FH) might be an effective tool for risk stratification. Depending on specific settings, they could be used for various purposes, such as (1) to differentiate between people who should or should not undergo screening (e.g., in low-resource settings where screening is not generally affordable, (2) to derive different starting ages of screening according to individual risk), or (3) to differentiate people with increased risk who should undergo colonoscopy as the initial CRC screening tool and people with average or low risk who could be screened appropriately with other noninvasive methods such as FITs, thereby reducing unnecessary colonoscopies and improving the overall screening efficiency.
In a recent systematic review (8) , we have identified 17 original risk scores for risk stratification. However, given that they were developed and validated in different and rather diverse study populations, comparability of diagnostic performance between scores has remained very limited. We therefore aimed for a headto-head validation and comparison of the previously published risk scores for predicting advanced colorectal neoplasms in 2 large-scale screening cohorts.
METHODS

Study population
Participants for this analysis were drawn from 2 cohorts of participants of screening colonoscopy from Germany, i.e., the KolosSal (Effektivität der Früherkennungs-Koloskopie:Eine Saarland-weite Studie) and the BliTz (Begleitende Evaluierung innovativer Testverfahren zur Darmkrebsfrüherkennung) study. In Germany, screening colonoscopy is offered free of charge as a primary screening examination from the age 55 years on. Most screening colonoscopies are conducted in private gastroenterology practices. Details on both studies have been reported elsewhere (9) (10) (11) . Briefly, the KolosSal study was set up to monitor long-term reduction of CRC incidence and mortality among participants of screening colonoscopy. This study is conducted by German Cancer Research Center in collaboration with 33 gastroenterology practices in Saarland, a small state (;1 million inhabitants) located in Southwest Germany (11) , and 19,177 participants was recruited from 2005 to August 2014. The BliTz study was set up to validate new blood and stool tests for noninvasive CRC screening. This study is conducted by German Cancer Research Center in collaboration with 20 gastroenterology practices in Southern Germany, and 9,245 participants were recruited from 2005 to June 2016. Participants in this study were asked to donate blood and stool samples before colonoscopy (9, 10) . Most participants from both studies underwent screening colonoscopy for the first time, and there was no overlap between the studies. Both studies were approved by the ethics committee of Heidelberg University and the ethics committees of the responsible state medical boards (KolosSal: Saarland; BliTz: Baden-Wüttemberg, Rhineland-Palatinate, and Hesse). All participants gave written informed consent.
Data collection
In both studies, participants were asked to complete a standardized questionnaire delivered before screening colonoscopy, including questions about sociodemographic factors such as age and sex, FH of CRC, and lifestyle factors such as cigarette smoking, alcohol consumption, dietary habits, and physical activity. Questionnaires were almost identical in both studies. Data from colonoscopy and pathology reports were independently extracted by 2 trained research assistants who were blinded to the questionnaire information and the results of any laboratory analyses. Data entries were controlled for inconsistencies and checked for plausibility. Any discrepancies were resolved by rechecking the original records and by contacting physicians. Participants were classified into 4 subgroups according to the most advanced finding at screening colonoscopy: CRC, advanced adenoma, nonadvanced adenoma, and hyperplastic polyps or no findings. Participants with nonadvanced adenoma, hyperplastic polyps, or no findings were combined in a common subgroup "no advanced neoplasm." The main outcome for the present analyses was advanced neoplasm, which was defined as either CRC or advanced adenoma as most models calculated in the original analyses chose advanced neoplasm (advanced adenomas and CRC) for the predicted endpoint. Advanced adenomas were defined as adenomas with at least one of the following features: $1 cm, tubulovillous or villous components, or high-grade dysplasia (9) .
We first identified 20 risk prediction models in the literature (9, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . For each risk score, the exact definition of the variables and the score prediction algorithm were extracted. In case one of the variables was not defined identical to the variable available in our data sets, we substituted the original ones with an appropriate proxy wherever possible. If the variables were not available in our data sets and could not be replaced (i.e., laboratory markers), we built the risk scores without them if the score still had a meaningful numbers of variables. Algorithms applied to obtain the risk scores are summarized in Supplementary Table 1 (see Supplementary Digital Content 1, http://links.lww.com/AJG/B264). Ultimately, we evaluated a total of 17 risk prediction tools (9, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) including 14 risk scores identified from our systematic review (8) and 3 risk models extracted from 2 additional articles (17, 22) . Three prediction tools identified in our systematic review were not included in our evaluation because they had been established in a population with different age structure, i.e., participants younger than 50 years only (27) or included laboratory values or other key variables that were not available in our studies (28, 29) and without which 1 model only included age and sex and the other model only included age, sex, and coronary heart disease. The 17 risk prediction tools contained 6 tools from the United States, 3 tools from Korea, 2 tools from Hong Kong, 1 each from Germany, Spain, Poland, China, and Japan, and a cluster of 11 Asian cities.
Statistical analyses
For the current analyses, we excluded participants younger than 50 years or 75 years and older. Main characteristics of the 2 study populations were described using frequencies for categorical variables and mean values and standard deviations (SDs) for continuous variables. A risk score for each participant was obtained by summing up the score values from the prediction algorithm of a risk model. The participants were subsequently stratified into 5 risk categories according to the quintiles of the score. Absolute risks and relative risks were generated for the presence of at least 1 advanced neoplasm, taking the lowest risk group as the reference group. The discriminatory power was measured for all risk models using the area under the receiver operating characteristic curve (AUC) (9) . AUCs were calculated both using quintiles of score values and using original exact score values. The net reclassification improvement (NRI) was calculated between any 2 risk scores (except Cao's models for female participants and male participants). An NRI . 0 suggests more accurate prediction of presence or absence of advanced neoplasia by the assessed model compared to the reference model, while an NRI , 0 suggests less accurate prediction (31) . SAS 9.4 (SAS Institute, Cary, NC) and R (version 3.5.3) were used for analyses. Two-sided P values ,0.05 were considered statistically significant.
RESULTS
There were 19,177 and 9,245 participants initially recruited in KolosSal and BliTz. After excluding subjects younger than 50 years or 75 years and older, those who had incomplete colonoscopy or inadequate bowel preparation and those whose colonoscopy findings were undefined polyps or missing, 16, 195 and 7,444 participants were entered into analyses. Detailed information on the participant selection is presented in Supplementary Figure 1a , b (see Supplementary Digital Content 1, http://links.lww.com/AJG/B264). Table 1 summarizes the characteristics of the participants in KolosSal and BliTz. Advanced neoplasms were detected in 1,917 (11.8%) and 848 (11.4%) subjects in both studies, respectively. Overall, the distributions of participant characteristics were similar in KolosSal and BliTz. Mean ages of participants were 62.3 years (SD 6 5.8 years) and 61.6 years (SD 6 5.9 years), respectively. The participants in our cohorts were slightly older than those used for the development of the original models. Slightly more than half of total participants in each cohort were female (50.9% and 50.6%), and the sex proportions of participants in most original models were similar to those in our cohorts. Approximately two-thirds of all participants had a body mass index $25 kg/m 2 , and approximately half of the participants were either current or former smokers; approximately 14% of participants reported an FH of CRC in a first-degree relative in both cohorts. Table 2 provides an overview of the risk factors that were included in the risk scores. The most commonly included factors were age, sex, history of CRC in first-degree relative, body mass index, smoking, alcohol intake, and the use of nonsteroidal antiinflammatory drugs and aspirin. Less commonly used risk factors included factors such as red meat consumption, physical activities, or height. The commonly used risk factors could mostly be included exactly as specified in the original scores in our analyses (indicated by symbol "3" in Table 2 ). The less often used risk factors had to be entered in modified version or excluded from our comparative analyses (indicated by symbols "d" and "s", respectively).
Summaries of identified risk scores values for both participants without and with advanced neoplasms in KolosSal and BliTz are presented in Table 3 . The median score value in the group of participants with advanced neoplasm was consistently larger than or equal to that in the group of participants without advanced neoplasm in both cohorts. Median scores and interquartile ranges for both groups were very similar in KolosSal and BliTz.
The absolute risks of presence of at least 1 advanced neoplasm by score quintiles of each risk model are shown in Supplementary Figures 2 and 3 , see Supplementary Digital Content 1, http://links. lww.com/AJG/B264), indicating that the risk of advanced neoplasms was higher for people who had a higher risk score compared with those who had a lower risk score. With few exceptions, absolute risks were mostly between 5% and 10% among participants in Q1 and between 15% and 20% among participants in Q5.
The relative risks of presence of at least 1 advanced neoplasm by score quintiles and the areas under the curve and NRI for the different scores are presented in Table 4 (KolosSal) and Table 5 (BliTz). Similar increasing trends regarding the relative risks from Q2 to Q5/Q4 were seen in both studies (Figure 1 and Figure 2 ). With very few exceptions, relative risks for Q5 compared with Q1 were generally between 2.0 and 4.0. In KolosSal, the AUCs generated by using quintiles/quartiles of the score (Figure 3 ) and by using the continuous score both ranged between 0.58 and 0.65. In BliTz, the AUCs generated by using quintiles/quartiles of score ranged from 0.57 to 0.61 ( Figure 4) , and almost the same AUCs were obtained using continuous score (0.57-0.62). Comparing diagnostic performance of the same risk scores in both screening cohorts yielded almost identical results.
The NRI values between any 2 risk scores in KolosSal and BliTz are demonstrated in Supplementary Tables 4 and 5 (see  Supplementary Digital Content 1, http://links.lww.com/AJG/ B264). For easier reading, the models were ordered according to the AUC in KolosSal in both tables, and all reported NRIs refer to comparison of scores with higher AUC with scores with lower AUC in KolosSal. With very few exceptions, NRIs were positive, indicating better classification by scores with higher AUC. Although most NRIs were below 0.2, even modest improvements in classification were often statistically significant.
DISCUSSION
This study evaluated and compared the predictive performance of 17 previously published risk scores with respect to detection of advanced neoplasms at screening colonoscopy in 2 large screening studies. The AUCs of all risk scores ranged from 0.57 to 0.65 in both studies, indicating variable, but overall modest performance in predicting presence of at least 1 advanced neoplasm. Analyses of the NRI might be helpful in choosing between different scores.
Our estimates of predictive performance for detecting advanced neoplasms of the different models, ranging from 0.57 to 0.65, are somewhat lower than the estimates reported in the original studies. For example, AUCs of studies included in our previous review (8) ranged from 0.62 to 0.74. Several factors may contribute to this "performance gap." First, none of the original studies had conducted an external validation in a different study population, and differences in prevalence and extent of factors predisposing to advanced neoplasms may account for some of the observed drop of performance in external validation. Second, some of the risk factors in some models were either not available, or ascertained in a slightly different manner, and could thus not be considered exactly as suggested in our validation. Third, age may have made a larger contribution to AUCs in some original studies due to inclusion of a broader age range (and inclusion of younger age groups in particular). Our study was only conducted among the target population for CRC screening (age range: 50-74 years), which limits the contribution of age to risk stratification. Although the AUCs for advanced neoplasms observed in this study may appear modest on first view, they are comparable or even higher than the AUCs for CRC in either "environmental" (risk factor) or polygenic risk scores (32) in a recent study. Polygenic risk scores, alone or in combination with environmental scores, are increasingly propagated for risk stratification in cancer screening. Recently, it has been shown that a polygenic risk score for CRC also predicts presence of advanced neoplasms among participants of screening colonoscopy similarly well (33) , and that polygenic risk scores provide risk prediction far beyond risk prediction by FH of CRC (34) . It is to be expected that risk prediction by polygenic risk scores will further improve as more genetic risk variants are discovered. These findings suggest that the combination of risk scores based on risk factor information with polygenic risk scores may have a large potential for enhanced risk stratification in the future.
FITs are recommended for CRC screening by national and international expert panels, and FIT-based CRC screening is offered in a rapidly increasing number of countries (3, (35) (36) (37) (38) . Given the superiority of FIT in predicting presence of advanced neoplasia, the questions arises which role if any risk scores could have even in settings where FIT-based screening is an established option. Risk prediction models may be used to tailor screening based on the risk of carrying advanced neoplasia. Possible uses to be considered might be the application of risk scores for initial risk stratification and definition of starting ages of screening or for referring to either FIT or colonoscopy as primary screening test or no screening at all in settings where capacities for those tests are limited. For example, participants with a higher risk score might preferably directly undergo colonoscopy, whereas those with a lower risk score might use FIT in the first place and undergo colonoscopy only in case of a positive FIT. Risk-adapted screening strategies might improve effectiveness and acceptance of currently used screening modalities compared with untargeted "one fits all" approaches, as they reduce the burden of invasive procedures for those at lower risk while focusing on those with higher risk (8). To the best of our knowledge, this is the first study that compared the performance of various risk models in predicting the risk of advanced neoplasms in 2 independent populations simultaneously. Both samples were taken from large-scale studies with a total of 23,639 participants. Colonoscopy was conducted for all subjects in these 2 studies and served as the gold standard, allowing for reliable detection of advanced adenomas, which is (next to detection of CRC) a key target for CRC screening.
However, there are some limitations that need to be addressed. First, both cohorts were potentially subject to inaccuracies of selfreported risk factors such as under-reporting or imprecise reporting of lifestyle factors (e.g., smoking and alcohol intake) or missing reporting of risk factors (e.g., the information "alcohol intake" was missing among 1,198 [7. 4%] participants in Kolos-Sal). With more accurate and more complete reporting of risk factors, better prediction performance might have been achieved for the validations of the models. Second, as some variables in the original models were not available or defined differently from variables in our cohorts, we made slight adaptions where appropriate, i.e., replaced these variables with adequate surrogates wherever possible or removed them if necessary. Although these modifications might have rendered the revised models not entirely comparable with the original models, the modifications most likely had limited influence on the overall performance of they are affected by additional factors, such as the variation of specific risk factors in the specific populations in which they are used, and such variation, along with other availability, and ease of collection of risk factor information need to be taken into account in the choice of risk scores in practice. In addition, as our study populations consist of white participants from Germany, the results presented in this article might not be applicable and generalizable to countries with differing ethnic groups.
In conclusion, our study demonstrates modest predictive performance of a large number of risk factor based scores for presence of advanced neoplasms in 2 large studies of participants of screening colonoscopy, with some variation in performance between models. Although overall predictive performance of the models was found to be modest and generally somewhat lower than that reported in original publications, it is comparable or even slightly higher than that reported in a recent large scale genomewide association study which investigated both environmental and polygenic risk scores for predicting presence of CRC. In countries with limited resources, risk scores may serve as the first step for risk stratification in CRC screening. Combination of risk factors with emerging and gradually improving polygenic risk scores might be a particular promising tool for risk stratification in the future. Given the similarity in predictive performance of most environmental scores, additional features, such as brevity and ease of implementation in routine practice, or relevance of the included items might drive the selection of best suited environmental score for the specific setting or population under consideration.
